Background

24
Shallow landslides are important agents of erosion and sources of sediment in terrestrial 25 environments and need to be represented in geomorphic (e.g. Montgomery and Dietrich, 1994; 26 Bathurst et al., 2005; Reid et al., 2007) and landscape evolution models (e.g. Tucker and Bras, 27 1998), However, a full stability analysis at every potential landslide site is not feasible; therefore 28 much work has focussed on trying to develop simple physically based methods to identify shallow 29 landslide risk comparatively across the landscape (e.g. Montgomery and Dietrich, 1994; Baum et al., 30 2008) . 31
32
The infinite slope method (Taylor, 1948; Haefeli, 1948; Skempton and DeLory, 1957 ) is widely used 33
as the geotechnical component of these geomorphic and landscape evolution models where it is 34 generally combined with a hydrological model to predict pore water pressure and hence failure 35 probability. Much attention in developing these models has been focussed on different approaches to 36 predicting the spatial pore water pressure patterns (Montgomery and Dietrich, 1994; Burton and 37 Bathurst, 1995; Wu and Sidle, 1995; Reid et al., 2007; Simoni et al., 2008; Baum et al., 2008) . 38
However, much less attention has been given to the geotechnical component. This is partly because 39 the assumptions behind the infinite slope method, particularly of infinite width and length (Skempton 40 and DeLory, 1957) , are considered valid for many natural landslides, which have relatively high 41 length (L) / depth (H) ratios (Haneberg, 2004) . Furthermore, attempts to account for the influence of 42 the landslide margins on the balance of forces requires additional assumptions to be made about the 43 location, orientation, and magnitude of the forces involved. 44
45
The argument that the infinite slope method is suitable for shallow landslides because they have high 46 length / depth (L/H) ratios is frequently stated but rarely justified (Wu and Sidle, 1995; Iverson, 47 scaling analysis of Larsen et al. (2010) suggests L/H ratio increases with length (L/H = 12.5 L 0.16 ) 51 and exceeds 18 even for very small landslides (L<4 m). However, we cannot assume that the infinite 52 slope method is suitable for these landslides without more rigorous testing. This requires an 53 assessment of the L/H ratio of the predicted or observed landslides relative to the L/H ratio at which 54 infinite slope assumptions break down. 55 56 <Figure 1 near here> 57 58 Recent work by Griffiths et al. (2011) has begun to address this by benchmarking infinite slope 59 predictions against those from a finite element (FE) continuum mechanics method. The rationale for 60 this is that the FE predictions can be assumed as a benchmark for the stability of a given slope. This 61 is reasonable since they have been shown to be reliable and robust for assessing the factor of safety 62 of slopes across a range of scenarios (Griffiths and Lane, 1999) . They perform at least as well as 63 limit equilibrium methods for known parametric tests (Hammah et al., 2005) but are far more 64 flexible, not requiring assumptions about: the shape or location of the failure surface, nor the inter-65 slice forces (Griffiths and Lane, 1999). On this basis, infinite slope stability predictions can then be 66 tested against the FE predictions for different slope lengths. 67 68 Griffiths et al. (2011) find that the FE predictions converge on those from the infinite slope method 69 at L/H ratios of around 16 and suggest that, in general, the infinite slope method is suitable for L/H > 70 16. However they show that for slopes with shorter L/H ratios the infinite slope method predictions 71 become increasingly different to the benchmark as L/H decreases. At an L/H ratio of two, the infinite 72 slope method can predict that a slope is less than half as stable as the FE method predicts for the 73 same slope. They attribute this difference to error in the infinite slope method resulting from the 74 violation of its infinite length assumption. This has potentially significant implications for the 75 appropriateness of the infinite slope method for geomorphic modelling. Such models often rely on 76 cell-by-cell calculations of infinite-slope stability with resolutions ranging from a few to tens of 77 meters. The often implicit assumption in applying these models is that the grid cells are adequately 78 long relative to the landslide failure plane depth so that factors of safety calculated with an infinite 79 slope approach are reasonably free of error. If the findings of Griffiths et al. (2011) hold across the 80 full range of natural slope conditions then this assumption would be valid for models with grid cells 81 longer than 16 times the assumed failure plane depth but could introduce error at finer resolutions. In 82 this paper we extend some of the initial conclusions from Griffiths et al. (2011) to establish the 83 generality of their findings; then assess the implications of these findings for stability analysis within 84 geomorphology and landscape evolution models. 85
86
The Infinite Slope Method 87
The most common geotechnical measure of slope stability is the factor of safety (FoS) the ratio of 88 shear strength of the soil (s) to the shear stress () required for equilibrium. 89
A slope is considered to be just stable when the stresses and strengths are equal and the FoS is equal 92 to one and to fail for FoS < 1. The factor of safety can be calculated using a range of approaches, 93 including the one dimensional infinite slope method, and more sophisticated limit equilibrium and 94 continuum mechanics methods in two and three-dimensions. More sophisticated methods allow 95 improved representation of the failure geometry. However, they require fine scale discretisation of 96 the slope, phreatic surface and failure plane geometries and generally need to be solved iteratively. 97 These data and computational requirements limit their applicability at the catchment scale where 98 analysis almost invariably involves the simpler one-dimensional infinite slope method. 99 100 <Figure 2 near here> 101
102
The Infinite Slope (IS) method (Taylor, 1948; Haefeli, 1948 ; Skempton and DeLory, 1957) makes 103 two key assumptions: 1) that sliding occurs along a pre-defined plane parallel to the face of the 104 slope; and 2) that the sliding block is infinitely long and wide so that stresses are the same on the two 105 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 collinear, equal in magnitude and opposite in direction. Therefore they exactly balance each other 107 and can be ignored. The equilibrium equations are derived using a rectangular block (e.g. A-B-B'-108 A'). All the stresses perpendicular () and parallel () to the failure plane are summed to give: 109 
Method
143
Parameter exploration 144
To address these questions we explored the influence of L/H ratio on the accuracy of the infinite 145 slope method by benchmarking it against the same finite element method as Griffiths et al. (2011) . 146
To establish the generality of the relationships we varied all the other parameters within the infinite 147 slope equation (Equation 6 , cohesion, friction angle, soil depth, normalised free surface height, soil 148 unit weight and slope angle). We varied these parameters across their reasonable ranges (Table 1)  149 and assessed the impact of these variations on the critical L/H ratio (L/H crit ) at which the infinite 150 slope predictions converged with those from the finite element method. 151
152
Our experimental design for the parameter exploration had two components. First, we used a 153 systematic parameter exploration to test the method's performance for a set of extreme parameter 154 combinations at the limits of the parameter space. The parameters and their limits are listed in Table  155 1. In each case we used the FE method to predict FoS at L/H ratios of: 4, 8, 12, 16, 24 and 48. These 156 ratios were chosen after initial tests in order to sample most densely in the region of expected 157 convergence for the two methods but with some samples at longer L/H ratios to ensure that any 158 extreme responses were captured. We then compared the FE and IS predictions, standardising the 159 results by expressing the difference between predictions as a percentage of the FE FoS. The 160 systematic parameter exploration is useful in illustrating the form of the FoS difference curves across 161 to the slope properties; and 2) the parameter combinations are difficult to differentiate. 164 165 Second, we addressed the limitations above using a random parameter exploration. Here, we applied 166 a Monte Carlo approach, sampling each of the six infinite slope parameters randomly and assuming a 167 uniform distribution across the range defined in Table 1 . Although some of the parameters in the IS 168 method tend to co-vary (e.g. ' and c') we sampled from uniform distributions and avoided a priori 169 assumptions about their covariance because we were interested in the sensitivity of the method to the 170 full range of possible conditions and so needed broad and uniform coverage of the parameter space. 171
This generated 5000 synthetic slopes with random slope geometry and material properties. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The domain geometry and boundary conditions are designed to represent slopes of a finite length. 205
They should be simple enough to isolate the effect of length on stability but representative so that we 206 can be confident that our conclusions apply to natural slopes. We use a mesh of 8-noded 207 quadrilateral elements (shown in Figure 3 ). The mesh consists of horizontal sections to the left and 208 right, and a long sloping central section. The base of the mesh is fully fixed and the extreme vertical 209 boundaries to the left and right allow vertical movement only. This simple representation of a finite 210 slope, with a sloping section between two horizontal sections, is common in slope stability modelling 211 (Chugh, 2003) . The boundary conditions on the base are exactly the same as in the IS method in that 212
shearing can occur at the base of the soil layer. We chose fixed rather than periodic vertical 213 boundaries since we are interested in the IS method's ability to represent finite slopes. We added 214 horizontal sections 4 times the domain depth and allowed vertical movement on the vertical 215 boundaries to minimize edge effects. The size of real landslides is defined not only by a slope's 216 geometry but also its pore water pressure and material properties, which vary across the slope. This 217 variability might be responsible for defining the unstable part of a slope but cannot be represented 218 within the IS method. The simplest way of creating a zone of decreased stability between two more 219 stable zones is to change the domain geometry at the head and toe. In this respect we are changing 220 the geometry to create more stable regions and ensure that the failure is a finite (defined) length. We 221 tested end sections inclined at a range of angles but found that for sloping end sections the failure 222 can expand to fill the full domain. This increases the influence of the vertical boundary conditions 223 and alters the geometry of the failure plane so that it is no longer consistent with the IS method. We 224 chose horizontal sections for consistency and simplicity. This represents both the specific case of a 225 finite slope with uniform material properties and horizontal sections above and below it and the more 226 general case of a slope with more stable zones above and below it. Our tests using a sloping end 227 sections showed that where the failure was limited to the sloping section change in inclination of the 228 end sections lead to only minor changes in predicted stability. 229 230 <Figure 3 near here> 231
232
We represent the slope geometry and soil properties using the six parameters shown in Table 1 The FE model has one further soil parameter, the dilation angle, which affects the volume change of 239 the soil during yielding. It is well known that the actual volume change exhibited by a soil during 240 yielding is quite variable. For example a medium dense material during shearing might initially 241 exhibit some volume decrease (  0) followed by a dilative phase (  0), leading eventually to 242 yield under constant volume conditions (= 0). Clearly this type of detailed volumetric modelling is 243 beyond the scope of the elastic-perfectly plastic models used in this study where a constant dilation 244 angle is implied. The question then arises as to what value of  to use. If = then the plasticity 245 flow rule is 'associated' and direct comparisons with theorems from classical plasticity can be made.
In spite of this potential advantage, it is also well known that associated flow rules with frictional 247 soil models predict far greater dilation than is ever observed in reality. This in turn leads to increased 248 failure load prediction, especially in confined problems such as bearing capacity (e.g. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 During the systematic parameter exploration, cohesion appeared to exert the strongest control on the 276
FoS difference curves and on the L/H crit value. In fact when cohesion was set to zero the FE 277 predictions did not fall outside 10% of the IS predictions even at the shortest L/H ratio (4). 278
Examining the deformed post failure mesh for cohesionless soils within the FE method revealed that 279 they fail in the top layer of elements (Figure 5a ). This result fits closely with the IS method for 280 cohesionless soils, which assumes that failure is equally likely at all depths. In this case we would 281 expect failure at an infinitely shallow depth where the additional reinforcement at the toe would be 282 least, the length / depth ratio would be infinite and the infinite length assumption would be most 283 completely fulfilled. In the FE scheme, failure at an infinitely small depth would be represented as 284 failure in the top layer of elements (Figure 5a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Figure 5d ) and to the L/H crit value (Figure 4b ). Figure 4b shows 308 the form of the FoS difference curves at the limits of the slope properties but is difficult to interpret 309 in terms of the influence of individual parameters on the L/H crit value because: 1) it only shows 310 results for the extremes; and 2) the parameter combinations are difficult to differentiate. We address 311 these limitations using the random parameter exploration. 312
313
Random Parameter Exploration 314
The results from the random parameter exploration are displayed as a series of scatter plots in Figure  315 6. The patterns for each parameter are similar for convergence at 5 and 10% thresholds but with a 316 lower maximum L/H crit value for the 10% than the 5% threshold. They show that for almost all 317 parameter combinations the IS predictions converge to within 5 and 10% of those from the FE 318 method at L/H ratios of no more than 25 and 18 respectively. 
Critical length depth ratio 334
Both the systematic and random parameter explorations confirm that the FoS predictions from the 335 FE method converge on those of the IS method across the full range of slope properties and 336 geometries that we might find in a catchment. The critical length depth ratio (L/H crit ) at which the FE 337 predictions converge to within 5 or 10% of the IS predictions varies with friction angle, cohesion, 338 soil depth, normalised free surface height and slope angle but is insensitive to soil unit weight. For a 339 5% threshold, L/H crit values can range from 4 (effectively the detection limit for our study) to 25 and 340 for a 10% threshold they vary from 4 to 18. 341 342 Slope angle appears the dominant control on the upper limit to L/H crit values. This is perhaps 343 unsurprising given that our definitions of length and depth are planimetric and vertical respectively. 344
As slope angle () increases the true length (L t ) increases relative to the planimetric length (L p ) 345 properties considered the infinite length assumption within the IS method results in errors of less 358 than 10% for L/H ratios greater than 18 and less than 5% for L/H ratios greater than 25 (Figure 6) . 359
cos() while the true (slope perpendicular) depth (H t ) decreases relative to the 346 vertical depth (H v ) according to: H t = H v 1/cos(). As a result the true length depth ratio (L t /H t ) is 347 related to the planimetric length depth ratio (L
This has important implications for slope stability modelling using the infinite slope method and we 360 will explore these in detail in the following section. properties. This validity will hold provided the grid resolution is more than 25 times the expected 370 failure plane depth. For example, many studies use a spatially constant failure plane depth of ~1m 371 (e.g. Montgomery and Deitrich, 1994; Wu and Sidle, 1995). In this case, models with a grid 372 resolution of 25 m or more can apply the infinite slope method without significant length effects. 373
However, for models with a cell size less than 25 times the assumed landslide failure plane depth, 374 edge effects become possible and are likely to be significant if the length / depth ratio drops below 8. 375
In these cases many of the IS predictions differed from the FE predictions by greater than 50%. 376
Assuming failures of equal length and width, with a 1 m depth, this would mean that even groups of 377 ~60 1 m resolution cells are likely to be predicted as 50% less stable than they should be as a result 378 of length effects not represented by the infinite slope method. The dependence of the validity of the 379 infinite slope model upon cell size emphasises that care is required in assuming that higher 380 resolution topographic data always improve identification of landslide risk. Although the coarser cell 381 size may result in error because of the minimum landslide area that can be identified, higher 382 resolution data may result in error since the identified landslides may violate the infinite slope length 383 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and Montgomery, 1998; Claessens et al., 2005) . Our predicted landslides have characteristics that 413 are consistent with previous findings, particularly that new areas of potential instability are identified 414 at finer resolution (e.g. upper left corner of the Figure 7b) . These relate to improved topographic 415 representation, which captures small steep areas that were previously smoothed out at the coarser 416 resolution. We also find that many of the predicted landslides are long for both the high and low 417 resolution model runs. The hydrological model generates patches of high pore water pressure that are 418 long in a downslope direction. As a result the model predicts long landslides and with high L/H 419 ratios that minimise the error associated with using the IS method. This suggests that the IS method 420 can applied in this case with high resolution data without violating its infinite length assumption. 2004). The suitability of these models will need to be assessed with reference to our findings on the 430 critical L/H ratio at which the IS method becomes applicable. Critically, our results do not give a 431 single answer on the suitability of the IS method for geomorphological slope stability modelling, but 432 they provide a tool to assess its suitability on a case by case basis, something that should be a routine 433 part of testing these models. 434
435
While finer grid resolutions still predict long landslides the predicted width is dramatically reduced. 436
This prompts an important question: how reasonable is the assumption of infinite width and what are 437 the critical width depth ratios at which the infinite slope assumptions break down? This questioncannot be addressed using the 2D finite element geotechnical model used in this study, since it also 439 assumes a slope of infinite width. Instead, solving this question would require a similar research 440 design within a 3D model, such models exist and research to address this question is underway. 441
442
Conclusion
443
Factor of safety predictions from the Finite Element method always converge to within 5 % of those 444 from the infinite slope method when the length / depth ratio exceeds 25. However, they can converge 445 at much lower length / depth ratios depending on the geometry and material properties of the slope. 446
The critical length depth ratio at which the predictions converge is in part controlled by the 447 proportion of the soil strength that comes from cohesion rather than from friction with the longer 448 length depth ratios required for more cohesive soils and very rapid convergence at low length depth 449 ratios for low cohesion soils. 450
451
The infinite length assumption within the infinite slope method is valid for many of the existing 452 modelling studies, which have used a coarse (>25 m) resolution. For models with a finer resolution 453 (<10 m) the assumption of infinite length might be less valid depending on the assumed landslide 454 failure plane depth and on the material properties. However, if lateral subsurface flow plays a role in 455 defining pore water pressure then its spatial organisation mitigates against predicting short landslides 456 and minimises the risk that predicted landslides will have length depth ratios less than 25. 457
458
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